An X-ray monochromator using two consecutive reflections by mosaic crystals is shown to be an effective source of well collimated broadband radiation. The use of mosaic crystals in this arrangement is well suited to the study of diffuse scattering phenomena or to the simultaneous recording of several Bragg reflections of crystals with large unit cells and/or very small size. The monochromator can also be used downstream of a focusing mirror. In the present study a monochromator based on pyrolytic graphite gave an intensity gain of 72 in comparison with silicon (111) crystals in the same geometry but with a bandwidth of 3"3%.
Introduction
Current X-ray monochromator designs for use with synchrotron radiation sources are based almost exclusively on the use of highly perfect single crystals, usually of silicon or germanium (Matsushita & Hashizume, 1983) . Such systems perform well, since the angular range of Bragg total reflection, for low diffraction orders, is comparable to the divergence of typical synchrotron radiation sources. In addition, the reflectivity within the Bragg region is close to unity, and so multiple-crystal arrangements can provide convenient instruments with little intensity loss (Beaumont & Hart, 1974) . The resolving power of these perfectcrystal instruments is of order 10 -4 and in special cases can reach 10 -6 (Graeff & Materlik, 1982; Siddons, Hastings, Moncton, Hewitt & Brown, 1986; Dorner, Burkel & Peisl, 1986; Faigel, Siddons, Hastings, Haustein, Grover, Remeika & Cooper, 1987) . If one considers the small angular spread in the monochromatic beams produced by such monochromators then it is clear that reciprocal space can be probed with very high resolution, and as a consequence a range of new diffraction experiments has resulted (Buras, Fourme & Koch, 1983) .
For some experiments, this high resolution in reciprocal space is not helpful, and in fact it can be undesirable, for example, in diffuse scattering in single *Permanent address: Institut ffir Kristallographie der Univer-~itfit. Charlottenstrasse 33. 74 Tfibingen. Federal Republic of Germany. crystals from soft phonons, critical scattering at phase transitions or short-range order in alloys and mixed crystals. Excessively high-energy resolution in the probe beam reveals little of value, and makes observation quite difficult owing to the weakness of the phenomena and the consequent low intensity.
In other situations it may be inconvenient to move the sample. The continuing development in area detectors and hence the possibility of measuring several reflections simultaneously is also an attractive proposition. In such cases a broadband probe can allow simultaneous measurement of several Bragg peaks without sample rotation.
The most obvious approach is to use the entire synchrotron spectrum as a probe, i.e. the Laue method. Attempts to use this method for structure determination have been made (Wood, Thompson & Matthewman, 1983; Helliwell et al., 1986; Moffat, Bilderback, Schildkamp & Volz, 1986; Andrews, Hails & Harding, 1987) . There are significant difficulties inherent in the method, however, and it is some way from being fully developed.
It would seem that some intcrmediate system, having an energy resolution of a few percent and providing some orders of magnitude higher total intensity, might provide some of the advantages of the whitebeam method whilst removing some of the difficulties. Sparks (1978) and Sparks, Raman, Ricci, Gentry & Krause (1978) used an arrangement with one mosaic crystal (pyrolytic graphite) to provide a broadband beam for X-ray fluorescence analysis. However, the mosaic spread involved produces a diffracted beam with a large divergence. This is equivalent to a reduction in effective source brightness, and for many diffraction experiments this is not acceptable.
We describe here a monochromator utilizing two successive reflections from graphite crystals having mosaic spreads of around 0-5", which substantially maintains the low beam divergence, yet provides a factor of 72 greater flux than a silicon (111) double monochromator with equivalent geometry.
Experimental details

Monochromator construction
The wide rocking curves given by the pyrolitic graphite crystals used made possible a rather simple 0021-8898/88/060911-05503.00 construction for the monochromator. The pyrolytic graphite crystals used were plates of size 40 x 20 x 1 mm. Each crystal plate was rigidly bonded to an aluminium substrate using epoxy adhesive. One such subassembly was fixed to an aluminium baseplate, while the other was attached to the baseplate via a flexural pivot assembly such that the two crystals could be brought parallel to a precision of 0"01 ° by means of a micrometer screw. The separation between the faces of the two crystals was 5 mm. This arrangement gave a compact rugged assembly which proved to have more than adequate long-term stability. The device was aligned using a laboratory X-ray source for maximum transmission before being used for the synchrotron experiments, and although checked periodically, no subsequent readjustment proved necessary.
Measurement facilities
The experiments were performed on beamline X 12A of the National Synchrotron Light Source. The distance from the bending magnet source to the experimental hutch was 12 m. The unfocused white beam entered the hutch through a beryllium window so that it was possible to make a flexible arrangement wherein different monochromators could easily be mounted and characterized. A range of detectors, goniometers and analyser crystals could also be introduced as necessary. A flexible computer-control system using IEEE-488 interfaces was used.
Monochromator performance
The monochromator was evaluated in two stages. First the individual crystal plates were studied to determine their mosaic spread and reflectivity. The two were then assembled into the double-crystal configuration and its properties investigated.
Mosaic spread and reflectivities
Graphite crystals (highly oriented pyrolytic graphite, from Union Carbide) are considered as ideal mosaic crystals and as such their diffraction properties can be calculated within the kinematical approximation including secondary extinction only. Following Freund (1985) , the angular variation of reflectivity is
for a crystal of thickness t. In the above expressions p is the linear absorption coefficient, 2 is the X-ray wavelength, Fx is the structure factor, v is the volume of the unit cell, and 0 is the Bragg angle. W(A) defines the assumed Gaussian mosaic spread. One can further define the peak reflectivity for A = 0 in the limit t ~ as RP = ao[1 + ao + (1 + 2ao)1/2] -1
( 2) where ao = Q/(l~rl.v~).
The reflectivities of the two crystals used in our double-crystal monochromator have been measured using Mo K~ and Cu K~ X-rays from conventional X-ray tubes and also at 0.71 /~ radiation from the storage ring, using the 00.2 reflection. Fig. 1 shows a plot of theoretical reflectivity versus mosaic-angle full width at half maximum (FWHM), 7, using (2) (and the fact that 7 = 2.35 r/), together With the measurements made on our crystals. The measured FWHMs of the two plates were 0-63 and 0-4 ° respectively. For comparison we have also plotted in Fig. 1 the behaviour of the silicon 111 and beryllium 00.2 reflections. It is clear that graphite 00.2 has superior reflection properties to the other materials. The spread in the measurements seen in Fig. 1 is probably due to inhomogeneities in the mosaic distribution across the crystal plate. In particular, the arrangement used to measure rocking curves at the storage ring probed a very small volume of crystal, and was thus quite sensitive to local variations in crystal quality. With this in mind, the agreement with the simple theory is quite satisfactory.
Mosaic double reflector
Following the evaluation of the individual plates the two crystals were mounted on the common baseplate and their performance when diffracting in the vertical Experimental data for graphite are shown together with calculations for graphite, silicon and beryllium.
plane was studied with respect to beam size, divergence, wavelength spread and intensity. To understand the behaviour of this crystal pair, reference will be made to the geometry in real and reciprocal space illustrated in Fig. 2 . The spatial profile is determined primarily by two phenomena, the penetration into each crystal plate of the beam incident on it and the angular divergence of the diffracted beam travelling between the two crystals.
We first calculate the effect of the finite penetration depth of the incident beam into the crystal plate. The relevant geometry is shown in Fig. 3 . The reflected intensity per unit length as a function of x in the first crystal, I(x), can be calculated with the help of (1):
I(x) =dR(t)/dt
( 3) where t = x sin (0). We also define t = x' sin (0) for the second crystal. The intensity as a function of z is then 
where D is the distance between the crystal plates (see Fig. 2 ). ~c is an effective divergence passed by the crystal pair and is determined by the product of the reflectivity functions of the individual crystal plates,
R(A, tl)R(A, t2). The simplest approximation, valid
for small a, is just
(1/7~)2 = (1/71) 2 + (1/72) 2.
In our case, with 3' 1 = 0.63 and 7z = 0"40°, we calculate 7~=0.34 °, which, for D = 5 mm, gives a Gaussian spatial distribution of FWHM 0.4 mm. The observed profile should be the result of folding these two results in the appropriate manner. The measured beam profile is shown in Fig. 4 . The measurement was made by placing a slit of height 0.05 mm in the incident beam and scanning a second slit of height 0"08 mm through the doubly diffracted beam. The intensity transmitted through this second slit was recorded by an ionization chamber. In the same figure, we plot the calculated spatial profile given by (4). It clearly describes the major features of the measured curve, and would probably give better agreement if the effects of (7) were included. This calculation is not straightforward and is outside the scope of this work.
Beam divergences
Measurements were then made of the horizontal and vertical angular divergences in the monochromatic beam. These were measured by placing a small aperture immediately behind the monochromator and recording the transmitted beam 1 m away on photographic film. The density variations recorded were analysed using a digital densitometer. Although the crystal mosaic angles are of order 10 -2 rad in the vertical scattering plane, the measured halfwidths correspond to a beam divergence of 3 x 10 -4 rad. This is easily explained by reference to Fig. 2 . Ideally this divergence should be the same as that of the incident beam, i.e. about 10 -5 rad. In practice, however, internal lattice strains and finite domain sizes give rise to some broadening. In the orthogonal direction, again with a probe beam of 10-5 rad divergence, the measured monochromatic beam divergence was 2-9 x 10 -3 rad. This broadening is due to the component of mosaic spread out of the diffraction plane and is given by
where d is the (00.2) interplanar spacing. For our case this expression yields 3.1 × 10 .-3 rad, in good agreement with experiment.
Passband and intensity
The final performance tests were concerned with the wavelength spread in the monochromatic beam, A2, and intensity. The wavelength passband was determined by scanning the graphite-monochromatized beam with a silicon (111) double reflector. The results are shown in Fig. 5 . The FWHM of 0-31 ° is much larger than the measured vertical beam divergence, and therefore accurately reflects the wavelength spread. This value corresponds to a resolution A2/2 of 3.3%. It is also worth noting that, since the interplanar spacing of silicon (111) and graphite (00.2) are almost matched, the angular value measured should be similar to the value 7c, calculated earlier. This is indeed the case here. The intensity of the graphite pair was measured using an ionization chamber and compared with that from a silicon (111) double reflector. The intensity from the graphite was a factor of 72 larger than that from the silicon. This ratio can be estimated from the expression IG/Isi = Rod 2G/Rsi A 2si (9) where RG and Rsi are the reflectivities of the graphite and silicon double reflectors, and A~'G and A?si their respective wavelength spreads. For silicon, A2/2 = 1-35 x 10 -4 (Beaumont & Hart, 1974) . The reflectivities are Rsi=0"9 and Rc=0.2=0.5 x 0.4 (see Fig. 1 ). With these values, Ic/lsi is expected to be 75, which is in good agreement with the measured values.
Modified Laue method
Principle
In the Laue method a white beam (here the whole spectrum of the synchrotron source) illuminates a single crystal and gives rise to many simultaneous Bragg reflections which are integrated by the wavelength distribution. In our case only a very restricted wavelength band of about 3% is produced by the double graphite monochromator and we call the corresponding method modified Laue. This name was first used for a convergent-beam method in neutron diffraction (Maier-Leibnitz, 1967; Hohlwein, 1977) where also a restricted wavelength band of some percent was used with a non-moving crystal. The limited bandpass reduces the number of overlapping reflections and improves the peak-to-background ratio.
At synchrotron sources a white beam has been used to record Bragg reflections of macromolecules (Helliwell et al., 1986; Moffat et al., 1986) inorganic crystal (Wood, Thompson & Matthewman, 1983) and of very small crystals (Andrews et al., 1987) . Moffat et al. (1986) also used a modified Laue method with a band width of 20%, produced by a combination of mirrors and absorption filters.
Demonstration
To demonstrate a possible application of this monochromator, we examined some very small zeolite crystals; cubes with edge lengths in the range 10 to 50 gm. The crystals were mounted on a horizontal rotation axis, and a film cassette placed 70 mm downstream of the sample. Exposures of 1 s gave good images at storage-ring currents of around 100 mA. To demonstrate the presence of wide bandwidth the sample crystal was rotated through 6 ° in 0.5 ° steps. At each angle a l s exposure was made. The resulting image is shown in Fig. 6 . Reflections in different azimuthal planes sweep through the wavelength band in different ways. For the vertical diffraction plane the angular half width within which the reflection is excited is given by Ao9 = (A2/2) tan 0.
For other azimuthal planes the expression is more complicated.
Focusing optics
Grazing-incidence mirrors are used routinely in synchrotron-radiation beamlines to collect several millirad of horizontal divergence and focus the beam to as small a cross section as possible at the sample position. This focusing provides a significant intensity gain for studies involving small samples. The monochromator described above can be coupled successfully with such mirror optical systems if consideration is given to its specific characteristics. In particular, as described above, mosaic crystals introduce spatial broadening in the vertical plane and angular broadening in both vertical and horizontal planes. The most serious effect is that due to the horizontal angular divergence, and so the monochromator should be placed as close to the sample as possible. If the present device were placed at a distance of 100 mm from the sample, the combined effects of all the broadening mechanisms would be comparable to or less than typical focal spot sizes achieved on current beamlines.
